The aim of the study is to test a hypothesis that quasi-breath-hold (QBH) biofeedback improves the residual respiratory motion management in gated 3D thoracic MR imaging, reducing respiratory motion artifacts with insignificant acquisition time alteration. To test the hypothesis five healthy human subjects underwent two gated MR imaging studies based on a T2 weighted SPACE MR pulse sequence using a respiratory navigator of a 3T Siemens MRI: one under free breathing and the other under QBH biofeedback breathing. The QBH biofeedback system utilized the external marker position on the abdomen obtained with an RPM system (Real-time Position Management, Varian) to audio-visually guide a human subject for 2s breath-hold at 90% exhalation position in each respiratory cycle. The improvement in the upper liver breath-hold motion reproducibility within the gating window using the QBH biofeedback system has been assessed for a group of volunteers. We assessed the residual respiratory motion management within the gating window and respiratory motion artifacts in 3D thoracic MRI both with/without QBH biofeedback. In addition, the RMSE (root mean square error) of abdominal displacement has been investigated. The QBH biofeedback reduced the residual upper liver motion within the gating window during MR acquisitions (∼6 minutes) compared to that for free breathing, resulting in the reduction of respiratory motion artifacts in lung and liver of gated 3D thoracic MR images. The abdominal motion reduction in the gated window was consistent with the residual motion reduction of the diaphragm with QBH biofeedback. Consequently, average RMSE (root mean square error) of abdominal displacement obtained from the RPM has been also reduced from 2.0 mm of free breathing to 0.7 mm of QBH biofeedback breathing over the entire cycle (67% reduction, p-value=0.02) and from 1.7 mm of free breathing to 0.7 mm of QBH biofeedback breathing in the gated window (58% reduction, p-value=0.14). The average baseline drift obtained using a linear fit was reduced from 5.5 mm/min with free breathing to 0.6 mm/min (89% reduction, p-value=0.017) with QBH biofeedback. The study demonstrated that the QBH biofeedback improved the upper liver breath-hold motion reproducibility during the gated 3D thoracic MR imaging. This system can provide clinically applicable motion management of the internal anatomy for gated medical imaging as well as gated radiotherapy.
Introduction
One of the most critical steps in the radiotherapy process is anatomic image acquisition. Obviously, any error induced during imaging such as motion artifacts in four-dimensional computed tomography (4DCT) 1, 2) and Positron Emission Tomography (PET) 3) images is systematic and remains the same through the whole treatment process, resulting in adverse impact on clinical outcome. [4] [5] [6] For instance, incorrect target and healthy sur- rounding tissue delineation can be implemented in treatment planning due to these artifacts, leading to the irradiation of healthy surrounding tissues in addition to the tumor, which results in the increased risk of radiation-related toxicity. [4] [5] [6] Various respiratory motion-guidance systems using an external surrogate [7] [8] [9] [10] [11] [12] were developed in medical imaging and treatment procedures to improve respiratory motion management in clinical practice. In multiple breath-holds based Magnetic Resonance Imaging (MRI), an audio breath-hold prompt was used to improve coronary imaging 8) and an MR-compatible active breathing control (ABC) system was applied to lung MRI. 13) In addition, a respiratory biofeedback with an adaptive gating windowing was implemented in voluntary breathing guidance for thoracic aorta MR imaging.
Breath-hold practice, however, often suffers from limited pulmonary function of the patient. 14) On the other hand, the respiratory gating technique is frequently subject to non-negligible residual motion during acquisition 15) and lengthened practice.
Recently, Park et al. 16) proposed a hybrid technique combining free-breathing-based gating and multiple breath-holds called Quasi-breath-hold (QBH) biofeedback, and demonstrated its feasibility that the QBH biofeedback reduced phase-shift, residual motion, complexity, and patient's discomfort. However, the previous study has not been fully investigated in the feasibility of the QBH biofeedback in medical imaging. The current study is the first to investigate the feasibility of QBH biofeedback to demonstrate the residual motion management of the internal anatomy with gated 3D thoracic MRI. The specific aim of this study is to verify that QBH biofeedback would reduce respiratory motion artifacts in gated 3D thoracic MR imaging by reducing the residual respiratory motion in acquisition.
Materials and Methods

QBH biofeedback
The QBH biofeedback system was proposed to provide voluntary multiple breath-holds guidance in medical imaging and treatment practices. 16) QBH is a respiratory biofeedback technique which utilizes a hybrid technique combining free-breathing-gating and breath-hold. In the current study, the QBH bio- 
MRI studies with QBH biofeedback and residual motion assessment
The improvement in the upper liver breath-hold motion reproducibility within the gating window using the QBH biofeedback system has been assessed for a group of volunteers.
Five healthy human subjects underwent two gated MR imaging studies: one under free breathing and the other under QBH biofeedback breathing (mean age: 43, range: 38∼51). In the QBH biofeedback breathing session, the QBH biofeedback sys- 
Respiratory motion artifact analysis in gated T2
weighted 3D thoracic MR images However, non-negligible cardiac motion artifacts such as blurring artifacts due to the signal from the blood vessels and the heart still can be seen in Fig. 3 .
Residual motion and RMSE analysis in abdominal displacement
In Fig In this study, we demonstrated that the proposed system is feasible with current thoracic medical imaging in terms of motion artifact reduction without significant scan time alternation.
This system can be applicable to regions can be affected by respiratory motion, such as the lung, pancreas, liver, kidney and esophagus in medical imaging and radiotherapy.
Conclusions
The study demonstrated that the QBH biofeedback improved the upper liver breath-hold motion reproducibility during the gated 3D thoracic MR imaging. This system can provide clinically applicable motion management of the internal anatomy for gated medical imaging and gated radiotherapy.
